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a
The purpose of this perspective article is to compare the catalytic 
activity of well isolated tetravalent metal sites in microporous 
zeolites with those present in the oxo-metallic nodes of metal-
organic frameworks. Several acid (or acid-base) catalyzed organic 
transformations of carbonyl containing molecules derived from 
biomass, relevant for the production of perfumes, flavours and 
biofuels, will serve as examples for the critical evaluation of the 
catalytic performance of the M(IV) active sites inside the inorganic 
(zeolite) or metal-organic (MOF) crystalline framework. 
1. Introduction 
During the last century, synthetic organic chemistry has helped 
society providing substances such as fine chemicals in order to 
satisfy the needs of the chemical industry. A fine chemical is a 
compound produced in limited quantities as starting material or 
intermediate for pharmaceuticals, cosmetics or agrochemicals. The 
high complexity of these relevant organic compounds requires 
expensive, hazardous and inefficient old-fashion chemical processes 
with a negative environmental impact. To have a quantitative idea 
of the low efficiency in the synthesis of fine chemicals, it is 
estimated that the quantity of toxic residues generated per gram of 
pharmaceutical is between 20 and 100 times higher. R. Sheldon 
defines waste as “everything but the desired product”, with the 
exception of water. One way to quantify the amount of waste 
produced in a chemical synthesis is by the E (from environmental) 
factor as the mass of waste divided by the mass of product.
1
 Once 
the waste produced is known, the E factor can be minimized, for 
instance by using heterogeneous catalysis. Although the amount of 
chemicals produced in the fine chemical and pharmaceutical 
industries are relatively not high (compared with bulk chemicals), 
the E factor is about 1 or 2 orders of magnitude higher. This implies 
a much higher production of by-products and subsequent isolation 
and purification steps in fine chemistry related synthetic processes.  
To achieve a sustainable fine chemicals manufacture, the use of 
stoichiometric reagents in organic synthesis needs to be substituted 
by catalysts able to decrease such E factor through the increment in 
the selectivity to the product of interest. However, due to the small 
volumes of the compounds involved and to the use of the least 
expensive reagent, the implementation of waste reduction in fine 
chemistry has not been as extensive as in the bulk chemicals related 
industry. In the last two decades, the use of sustainable catalytic 
methods in organic synthesis has been an important tool in order to 
minimize the E factor. Given the solid nature of almost all large-
scale industrial catalysts,
 
the use of heterogeneous catalysts for the 
synthesis of fine chemicals is very appealing. Traditional zeolites or 
novel (metal)-organic polymers have appear as potential 
heterogeneous catalysts for these type of processes.
2,3
 This is due 
to its sponge like porous structures that absorb and concentrate the 
reagents, favoring the synthetic chemical reactions inside the 
material pores (stabilizing transition states), which act as 
microscopic cages with dimensions similar to that of the desired 
molecules. The use of such solid catalysts facilitates its separation 
and recovery from the reaction media, avoiding 
neutralization/separation operations and allowing its reuse in 
subsequent reaction cycles (depending on the stability of the active 
sites of the solid). Moreover, the strong interaction between the 
metal sites and the silica framework (in zeolites) or organic ligand 
(in MOFs) decreases the leaching of active sites during the reaction.  
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Here, zeolites and MOFs porous solid catalysts containing 
tetravalent metals, M(IV), in its crystalline framework will be 
compared in terms of activity, selectivity and stability. Special 
attention will be given to the modification of the physico-chemical 
properties of the inorganic or hybrid (metal-organic) cavity with the 
aim to tune the environment of the active site. On the one hand, 
well-established zeolites will be considered. These are crystalline 
microporous aluminosilicates with tridimensional structures formed 
by TO4 tetrahedra (T= Si or Al) bonded together by oxygen atoms, 
generating channels and cavities in the order of molecular 
dimensions. Among them, Beta zeolite is a large pore zeolite 
formed by twelve member rings with a 6.5 Å pore diameter, in 
which different metals (Sn, Zr or Ti) has been introduced in 
framework positions (see Figure 1a). This confers them strong Lewis 
acidity, needed to carry out different organic transformations with 
high activity and selectivity towards the desired product.
4  
On the other hand, the aim is to compare the performance of MOFs 
with traditional inorganic molecular sieves (see Table 1). These 
hybrid materials are composed of metallic nodes interlinked by 
organic ligands that form three-dimensional periodic structures 
with well-defined micropores and pore channels. For instance, the 
highly stable zirconium terephthalate compound known as UiO-66, 
Zr6O4(OH)4(BDC)6, H2BDC = 1,4- benzenedicarboxylate, is a MOF 
where the terephthalate linkers are coordinated to hexanuclear 
metallic clusters, generating a face centred cubic framework with a 
microporous system characterized by two types of cavities of 
different size: octahedral (11 Å) and tetrahedral (8 Å), which share 
triangular faces with 6 Å windows (see Figure 1b).
5a-d
 Recently, 
other Zr MOFs have been described, such as MOF-808 
(Zr6O5(OH)3(BTC)2(HCOO)5(H2O)2, H3BTC = 1,3,5 
benzenetricarboxylate), composed of the same secondary building 
unit (SBU) as the UiO series but with benzene-1,3,5-tricarboxylate 
(H3BTC) serving as the organic linker. The tricarboxylate groups link 
three nodes to each ligand, which creates an open-crystalline 
structure with pores as large as 18 Å.
5e-f
 Finally, there has also been 
described the synthesis of a tetracarboxylate highly porous Zr 
MOFs, such as the NU-1000 (Zr6(OH)8(OH)8(TBAPy)2, H4TBAPy = 
1,3,6,8-tetrakis (p-benzoic-acid)pyrene.
5g-i
 During the last years, 
these MOFs have attracted an enormous interest as heterogeneous 
catalysts, due to its high porosity, crystallinity and stability (respect 
 
                    (a)                                                        (b) 
 
Figure 1. Isolated Lewis acid sites in the crystalline framework of inorganic 
zeolite Beta (a) or metal-organic UiO-66 zirconium terephthalate (b). 
Adapted with permission of references 4g (Copyright 2012, Elsevier Ltd) and 
and 5d. (copyright 2014, American Chemical Society). 
Table 1 Chemical and textural properties of the solids discussed 
Name Composition ZrO2/%wt Sarea/m
2
g
-1 
Zr-Beta
 
(ZrO2)(SiO2)100
a 
~1-5 ~500 
UiO-66
 
Zr6O4(OH)4(BDC)6 ~30-40 ~1000 
MOF-808
 
Zr6O5(OH)3(BTC)2(HCOO)5 ~30-40 ~2000 
NU-1000
 
Zr6(OH)8(OH)8(TBAPy)2 ~30-40 ~2000 
a
 Tentative formula for a Si/Zr ratio of 100. Idem for Sn-Beta 
H2BDC = 1,4- benzenedicarboxylic acid; H3BTC = 1,3,5 
benzenetricarboxylic acid; H4TBAPy = 1,3,6,8-tetrakis (p-benzoic-
acid)pyrene. 
 
 to other MOFs); despite its inherent lower thermal and chemical 
stability compared to zeolites.
6
 
This article is focused on reported examples of porous solids 
(zeolites and MOFs) containing Zr, Sn or other M(IV) catalytic sites 
for the activation of the carbonyl group of (bio-based) organic 
molecules enabling a more sustainable synthesis of fine chemicals. 
In Figure 2 it is summarized the selected transformations of 
carbonyl containing compounds, i.e. citronellal, glucose and 
levulinic acid, according to the type of the reaction catalyzed, (i) 
isomerization, (ii) hydrogen transfer (Meerwein–Ponndorf–Verley 
reduction or MPV) and (iii) esterification. The nature of the acid 
sites required for such reactions, either Lewis or Brønsted, is also 
indicated in the Figure 2, confering different reactivity towards 
carbonyl containing molecules. Both types of acid sites, together 
with basic sites, are present and act as active sites in zeolites and 
MOFs catalyst. The density and strength of those catalytic sites is 
dependent on the physico-chemical properties, i.e. chemical 
composition, porosity, hydrophobicity and defects of the crystalline 
framework of the zeolite or MOF solids, as will be discuss here. 
 
Figure 2. (a) Isomerization (carbonyl-ene reaction) of citronellal to 
isopulegol. (b) Glucose isomerization to fructose and subsequent 
dehydration to hydroxymethyl furfural (HMF). (c) Levulinic acid esterification 
to isopropyl levulinate and MPV reduction to γ-valerolactone (GVL). 
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2. Isomerization reactions 
2.1 Citronellal to isopulegol 
Many organic synthesis of fine chemicals, such as fragances, 
flavours or pharmaceuticals, require isomerization reaction steps 
catalyzed by Lewis acids. One important fine chemical obtained 
from terpene precursors is menthol, a natural occurring compound 
in the essential oil of mint leaves with medicinal, sensory and 
fragrant properties due to its action within the central nervous 
system. For its production, the isomerization of citronellal is an 
important step that must be performed with high activity and 
selectivity towards the desired isopulegol diesteroisomer, an 
intermediate in the synthesis of menthol.
2i-j, 3f 
The Sn-Beta zeolite, having strong Lewis and weak Brønsted acid 
sites, has been employed for the first time as a substitute of 
homogeneous ZnCl2 catalyst for this intramolecular carbon–carbon 
(carbonyl-ene) bond formation (see Figure 2a).
7
 The stability of the 
Sn-Beta zeolite makes this catalyst suitable for applications in a 
fixed bed continuous reactor, not requiring the usual precautions 
against humidity needed for traditional Lewis acids. Interestingly, 
the catalytic performance of the Sn Lewis acid sites is superior to 
other Lewis acids (Ti or Zr) introduced into the zeolite framework 
(see entry 1 in Table 2). In fact, Ti-Beta gave lower conversion and 
diastereoselectivity with respect to the isopulegol (compare entries 
1 and 2). Moreover, Brønsted-acidic Beta zeolite with a comparable 
hydrophobicity as Sn-Beta also gave only isomerization without any 
side-products under the same reaction conditions (entry 3). 
However, the diastereoselectivity towards the desired isopulegol 
isomer was low and the conversion only 50% compared to the full 
conversion obtained with Sn-Beta. The origin of the activity in the 
Sn-Beta zeolite can be attributed to the tin sites since the all-silica 
Beta sample has no activity (entry 4). In comparison, the catalytic 
activity of Zr-Beta for this reaction shows an activity, represented 
by the turnover frequency (TOF) values calculated as mol of product 
formed per mol of active site and time, in the same order of 
magnitude and excellent selectivity (entry 5).
8
 In secondary alcohols 
as solvent, such as 2-propanol, the selectivity was only 28% because 
of the Meerwein–Ponndorf–Verley reduction of citronellal to 
citronellol and subsequent dehydration of the products. The activity 
of these sites for the catalytic hydrogen transfer will be discussed in 
the next section. When the catalyst was washed after each reaction 
with tert-butanol, Zr-beta could be reused for several cycles (with 
no leaching of Zr), recovering the full activity of the catalyst by 
calcination of the catalyst at 550 °C for 4 h, followed by exposure to 
ambient conditions overnight.  
By experimental and computational studies, De Vos et al. reported 
that the strength of the Lewis acid sites present in MOFs is directly 
proportional to the citronellal isomerization activity and isopulegol 
selectivity (entry 6).
9
 In fact, the electron-withdrawal effect of the 
nitro groups in the UiO-66-NO2, increase the Lewis acid strength of 
the zirconium sites, enhancing the carbonyl activation step by the 
strong Lewis acidity of the zirconium active sites. However, when 
compared with Lewis acid sites isolated in zeolites, MOF such as the 
Zr-UiO-66, Cr-MIL-101 or HKUST-1 present much lower activity (up 
to 2 orders of magnitude).
3f,10
 Therefore, the presence of strong 
Lewis acid sites in a hydrophobic matrix such as the Sn or Zr in the 
Table 2 Isomerization of citronella to isopuegol
a
 
 
 Catalyst Conv. (%) Sisopul. (%) TOF
b
 (h
-1
) 
1 Sn-Beta 99 83 4600 
2 Ti-Beta 35 66 110 
3 Al-Beta 50 53 70 
4 Pure Si Beta 0 - - 
5 Zr-Beta 69 93 1500 
6 UiO-66-NO2 99 81 1 
7 MOF-808-P 8 85 <1 
8 MOF-808-SO4 98 55 1 
9 H-BEA  95 75 20 
10 H-MOR  25 73 1 
11 Ir/Beta 90 75 300 
a
For entries 1-4 the reactions were carried out in acetonitrile at 80 
o
C for 1h.
7
 Entry 5 was performed in tert-butanol at 80 
o
C during 
0.25 h.
8
 Entry 6 was done in Toluene at 95 
o
C for 6h.
9
 Entries 7-8 
performed at 60 
o
C in Toluene for 8h.
5e 
Entries 9-10 were done in 
cyclohexane at 80 
o
C for 8h or 2h for entry 11.
11
 
b
mmols of 
isopulegol per mmol of active site (Sn, Ti, Zr, Al, Ir) and time, 
calculated at initial reaction times. 
 
high silica Beta zeolite, favours the rapid formation of the desired 
isopulegol isomer in comparison with the use of milder Lewis acid 
metal-organic frameworks. When the Zr(IV) MOF-808-P is treated 
with aqueous sulfuric acid (MOF-808-2.5SO4) the selectivity to 
isopulegol decreases from 85% to 55% due to the strong Brønsted 
acidity of the MOF, highlighting the importance of Lewis acids for 
this isomerization reaction (entries 7-8).
5e
 Although, the MOF-808-P 
shows little activity in this reaction, it is highly active in catalytic 
hydrogen transfer reactions, as will be shown later on. Moreover, 
the weak Brønsted acid sites present in the bare Beta zeolite (Si/Al 
= 11) show remarkable catalytic activity for this reaction. This 
zeolite needs more time to isomerize quantitatively the citronellal 
(entry 9), with a TOF in the same order of magnitude as the 
previously reported by Corma and Renz (compare entries 3 and 9). 
Also, the presence of Lewis acid sites, i.e. Ir(III), in the Beta zeolite 
(entry 11) clearly increases the reaction rate.
11
 Therefore, the 
presence of strong Lewis acid sites in a hydrophobic environment is 
decisive for the high catalytic activity of these Sn o Zr Beta zeolites, 
compared to MOFs, as will be confirmed in the following section. 
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2.2 Glucose to fructose 
Another important example of isomerization reaction is the 
isomerization of glucose to fructose and the further dehydration to 
hydroxymethyl furfural (HMF), a platform molecule to obtain 
chemicals and fuels (see Figure 1b).
12,13
 The synthesis of HMF from 
a renewable source such as the hemicellulose fraction of biomass, 
allows for the sustainable production of levulinic acid and its esters 
or even γ-valerolactone, as will be discussed in the next section. 
While Lewis acid and/or basic sites are required to promote the 
glucose to fructose isomerization, Brønsted acid sites favours the 
subsequent dehydration of fructose to HMF. Recently, it has been 
reported that the Lewis acid sites present in the zirconium- oxo 
clusters of NU-1000 are active sites for the isomerization of glucose 
to fructose in water (see entry 1 of Table 3).
14 
However, the fructose yield obtained is moderate in contrast with 
the previously reported when using the Sn-Beta zeolite (compare 
entries 1 and 3). The reason for the good catalytic performance of 
Sn-Beta in the glucose−fructose isomerization is attributed to the 
presence of isolated Lewis acid sites, as described for the citronellal 
isomerization.
15
 In fact, three −OSi and one −OH group bonded to 
tin in a tetrahedral position of the silica based molecular sieve 
framework participate in the kinetically relevant intramolecular the 
rate-limiting step. The hydride shift is controlled not only by the M 
(IV) active site but also by the basicity of the oxygen atom attached 
to the metal center. In the case of Sn-Beta, it has been claimed that 
the adequate polarizability of the active Sn makes the oxygen atom 
attached to the metal center (-Sn-O-H) a stronger Brønsted base 
(oxygen with high negative charge) which stabilizes the transition 
state through electrostatic interactions (see Figure 3a).
15d,16  
In the case of NU-1000, the µ3-O oxygen atoms of the oxo-
zirconium cluster has been proposed to participate in the proton
 
 
 
a
For entries 1 and 2 the reactions were carried out at 140 ⁰C for 
5h.
14a
 Entries 3 and 4 were done at 100 ⁰C for 1h.
15c
  
 
a)                                          b) 
Figure 3. Sn-O(H) or Zr-O(H) acid-base pairs present in the inorganic 
Sn-Beta (a) and metal-organic NU-1000 (b), framework as active 
sites for the intramolecular hydrogen transfer step in the glucose to 
fructose isomerization. 
 
transfer steps together with the Zr Lewis acid sites (see Figure 
3b).
14b
 One possible explanation to the lower activity of the Zr-O 
acid-base pairs of NU-1000 with respect to the Sn-O present in Sn-
Beta is that the electron density of the Zr-O bond is less localized on 
the oxygen, being less basic than the partially hydrolyzed Sn-O-H 
framework sites in the zeolite. 
When harder Lewis acid sites are incorporated in the zeolite Beta, 
i.e. Zr
4+
, Ti
4+
, it is more likely to suffer competitive adsorption of 
solvent molecules on the active site because water molecules could  
coordinate more strongly to a more polarizable center and block 
them for the adsorption of glucose. Therefore, sites with strong 
Brønsted basicity such as Sn-O-H as well as hydrophobic pockets 
that confine the well-isolated Sn (IV) Lewis acid sites (low amount of 
defects), leads to turnover rate enhancements with respect to sites 
isolated within highly defective, hydrophilic molecular sieves.
16,17
 In 
Table 3 it is shown that zeolites having a hydrophilic framework 
showed signiﬁcantly lower activity per Sn (compare entries 3 and 
4). In Zr-MOFs such as NU-1000, the considerable density of highly 
coordinated Zr oxyphilic nodes [Zr6(μ3-O)4(μ3-OH)4(OH)4(OH2)4]8, 
either by carboxylates or by water molecules in the NU-1000 solid 
(see Figure 4), may be another reason for the lower catalytic 
activity of the hydrophilic Zr Lewis acid sites available with respect 
to the hydrophobic acid sites present (in low concentration) in Sn-
Beta.
18
  
This highlights the importance of Lewis and Brønsted sites of an 
adequate strength, in the glucose to HMF isomerization-
dehydration two-step tandem process, where each site promote a 
different type of reaction, isomerization and dehydration, in a 
sequential mode. In the case of the Sn-Beta zeolite, the lack of 
strong Brønsted acid sites in the framework favours the glucose-
fructose isomerization step but limits its application for the further 
fructose dehydration step, needing additional catalysts such as HCl. 
Regarding to the reusability of the catalyst, polymerization of 
intermediates formed during the reaction lead to the adsorption of 
carbonaceous deposits in the pores of the catalysts, which poison 
their active sites. Thus, while the zeolite active sites can be 
regenerated by a simple thermal treatment,
13b
 for MOFs, the 
regeneration of the catalysts is limited because of the thermal and  
hydrolytic stability. 
Table 3. Isomerization of glucose to fructose
a
 
 Catalyst Conv. (%) SFruct. (%) SHMF (%) TOF (h
-1
) 
1 NU-1000 60 30 2 <1 
2 
PO4/NU-
1000 
50 6 15 <1 
3 
Sn-Beta 
(Si/Sn=197) 
42 67 - 280 
4 
Sn-Beta-
OH-25 
(Si/Sn=163) 
12 68 - 50 
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a)                                                 b) 
Figure 4. (a) Different hydrophilicity of the active sites present in 
the Sn-Beta seeds and Sn/deAl-Beta-OH-25 zeolite with “close’’ and 
“defect-open’’ Sn(IV) sites, respectively. (b) The Zr MOF NU-1000 
MOF contains a high density of OH/H2O coordinated Zr6 nodes 
(aromatic likers omitted for clarity). Adapted with permission from 
references 5g, 15c and 18c. Copyright American Chemical Society. 
 
3. Catalytic hydrogen transfer 
3.1 Selective reduction of α,β-unsaturated compounds  
An important reaction in the cosmetic, agrochemical and 
pharmaceutical industries is the reduction of the carbonyl group of 
ketones to obtain allylic alcohols.
19
 Besides catalytic 
hydrogenolysis with hydrogen as the reducing agent
20
 an 
alternative method is the Meerwein-Ponndorf-Verley (MPV) 
reduction, which traditionally employs an alcohol as a hydride 
source and metal alkoxides as catalyst.
21
 M(IV) incorporated in 
zeolites, such as Sn-Beta
22
 and Zr-Beta
23
 are a recognized Lewis 
acid catalysts for this type MPV reactions. More recently the Zr 
sites in MOFs have also been able to catalyze the hydrogen 
transfer from secondary alcohols to carbonyl compounds.
24 
In 
order to successfully promote the MPV reduction, coordinative 
unsaturated Lewis acid sites are required. Those sites activate both 
the carbonyl group to be reduced and also react with an alcohol 
reagent, such as iso-propanol, to form an activated alkoxide 
species. Basic oxygen sites in close proximity with Lewis acid sites 
have been proposed to participate in the reaction mechanism, 
either with zeolites or MOFs,
25
 as described for the intramolecular 
hydrogen transfer step in the isomerization of glucose to fructose 
(see Figure 3).  
The Zr-based MOF-808-P was successfully used as a Meerwein–
Ponndorf–Verley chemoselective reduction catalyst for various α,β-
unsaturated aldehydes and ketones at 120 ⁰C.
24b
 For 
cinnamaldehyde, a yield of 99% of cinnamyl alcohol was obtained 
within a short reaction time. The catalytic activity of MOF-808 is 
higher than the UiO-66 for this particular reaction (entries 1-2 of 
Table 4), although slightly lower than Sn-Beta and Zr-Beta zeolite 
(entries 3-4). The difference in the catalytic activity of the M(IV) 
containing solids is mainly related to its Lewis acidity. From the 
activity decrease in the order: Zr-Beta > ZrAl-Beta > MOF-808 > UiO-
66 > Sn-Beta ≈ Ti-Beta ≈ Si-Beta, it can be concluded that the Zr(IV) 
sites in framework of zeolite Zr-Beta are strong Lewis acid with high 
catalytic activity for the hydrogen transfer from the alcohol to the 
cinnamaldehyde under mild conditions (80⁰C and 1h). Under the 
same conditions, the UiO-66 MOF show less catalytic activity for 
MPV reactions, in line with their weaker Lewis acidity. 
When the amount of Brønsted acid sites is increased by introducing 
Al in the zeolite framework, the subsequent etherification of 
cinnamyl alcohol with isopropanol decreases the selectivity towards 
the allylic alcohol.
23
 Interestingly, although Ti and Sn-Beta are active 
in the reduction of activated carbonyl groups, i.e. 4-tert-
butylcyclohexanone, no reduction of the more demanding carbonyl 
group of cinnamaldehyde was observed.
22a,26
  Therefore, the zeolite 
Zr-Beta shows the higher catalytic activity and Lewis acidity among 
all the materials tested. Infrared spectroscopy of the solid after 
adsorption of deuterated acetonitrile (CD3CN) reveals only one 
significant band at 2303 cm
−1
 (Figure 5a), attributed to Lewis acid 
sites while the other bands at 2275 and 2268 cm
−1
 are due to 
acetonitrile H-bonded to silanol groups and physisorbed 
acetonitrile, respectively. In the case of MOF-808, the catalytic 
activity may be due, in part, to its open-pore structure (pores of 18 
Å), with only six linkers per Zr6 node. Due to the fact that the 
reaction occurs at the nodes of the MOFs, which feature a Zr6(μ3-
O)4(μ3-OH)4 SBU, the presence of 12 BDC linkers in UiO-66 fully 
saturates the coordination sphere of the Zr atoms. The higher 
amount of Lewis acid sites in MOF-808-P with respect to UiO-66 has 
been proved experimentally via CD3CN sorption, where the ratio of 
chemisorbed molecules on Lewis acid sites to physisorbed 
molecules is larger for MOF‐808‐P. Furthermore, a large fraction of 
the CD3CN molecules on the Lewis acid sites of MOF‐808‐P stay 
chemisorbed upon desorption under vacuum by increasing  
 
Table 4. MPV reduction of cinnamaldehyde
a 
 
Entry Catalyst Conv.
a
 (%) SAlcohol TOF (h
−1
) 
1 UiO-66 82  95 1 
2 MOF-808-P 99 99 13 
3 Zr-Beta (Si/Zr=100) 81 99 75 
4 ZrAl-Beta (Si/Al=25) 42  64 40 
5 Sn-Beta (Si/Sn=100) 0 0 - 
6 Ti-Beta (Si/Zr=125) 0 0 - 
7 Pure Si Beta  0  0 - 
a
Entries 1 and 2 were carried out at 120 ⁰C during 1h (8h for UiO-
66) using 37 equivalents of 2-butanol (R = CH3),
24
 while entries 3-7 
were carried out at 80 ⁰C during 1h using 63 equivalents of 
isopropanol (R = H).
23
  
Sn-Beta
Zeolite MOF
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Figure 5. Environment of the Zr active sites and IR of adsorbed 
CD3CN in Zr-Beta(Si/Al = 134) (a), MOF‐808‐P (b) and UiO‐66 (c) 
frameworks. Adapted with permission from references 24b, 27 and 
28 (Copyright American Chemical Society). 
 
temperature to 150 °C, indicating a high acid strength with respect 
to UiO-66 (see Figure 5b and c). 
The crystalline structure of MOF‐808‐P was retained during the 
reaction and no Zr leaching was detected after a hot filtration test 
of the catalyst. However, when the used catalyst was washed with 
ethanol and thermally activated at 150 ⁰C, the conversion drops by 
25% in the subsequent reuse. In the case of Zr Beta, some loss in 
activity also occurred after five cycles, but calcination almost 
restored the initial activity.
23 
3.2 MPV-etherification tandem process 
Corma and Renz combined a catalytic hydrogen transfer MPV 
reaction with a second etherification reaction step in a one-pot 
cascade in order to obtain the isopropyl 4-methoxybenzyl fragrance 
compound, starting from 4-methoxybenzaldehyde. While both Zr 
and Sn substituted Beta zeolites show high catalytic activity for the 
tandem process, a study of the isolated reactions showed that Zr-
Beta was the most active catalyst for the MPV reduction and Sn-
Beta was the most active for etherification.
29
 Recently, new 
bimetallic Zr(Ti)-NDC (NDC=naphtalenedicarboxylic acid) stable 
MOFs have been easily prepared by incorporation of titanium(IV) 
into zirconium(IV)-NDC framework, conferring weak to medium 
acidity to this porous material.
24c
 The solids have been studied in 
the same Lewis acid catalyzed Meerwein–Ponndorf–Verley (MPV) 
reduction– etherification tandem process. Although these MOFs 
present Lewis acidity, for this cascade process both the Zr and Sn 
Lewis acid sites in the zeolite Beta surpass the activity and stability 
of Zr and Ti MOFs, which show TOF values one order of magnitude 
lower than those obtained with the Sn and Zr zeolites (see Table 5). 
Table 5. MPV reduction and subsequent etherification
a
 
a
Reactions were carried out at 100 ⁰C during 8h
29
 or 21h
24c 
 
Recycling experiments with Zr(Ti)-NDC-NH2 catalyst demonstrate 
that the crystallinity is totally maintained after the first cycle. 
Unfortunately, the catalytic activity drops after 5 cycles, since both 
the conversion and the selectivity to the ether decreases from 90% 
to 30%. It seems that the water formed during the etherification 
may poison the MOF catalytic sites that are available to interact 
with the substrates; in contrast with the water tolerant M(IV) atoms 
in the high silica zeolite framework, as described earlier for the 
isometrization of glucose in water (section 2.2). 
3.3 Levulinic acid to γ-valerolactone: MPV-Esterification 
Catalytic hydrogen transfer has been applied to obtain                       
γ-valerolactone (GVL) from levulinic acid (LA), a biomass 
derivative.
30
 GVL could be considered as a sustainable liquid for 
global storage/transportation and a renewable hydrocarbon 
resource for energy and carbon-based consumer products.
31
 The 
production of γ-valerolactone as a renewable feedstock is 
interesting due its low vapor pressure which reduces volatile 
emissions and facilitate safe storage. Moreover, GVL has a high 
chemical stability which avoids its hydrolysis to the acid form under 
pH-neutral conditions and the formation of peroxides. This 
properties enhance its general use as fuel additive to produce 
cleaner-burning fuels,
31a
 or as intermediate in the production of 
chemicals such as adipic acid,
31b
 valeric acid
31c,d
 5-nonanone,
31e
 in 
the composition of biocides
31f
 and as solvent.
31g
  
The interest of using LA as a precursor of GVL is because of the huge 
availability of such renewable compound which proceeds from the 
deconstruction of biomass. An alternative to the use of hydrogen 
gas or formic acid in the synthesis of GVL consist on the 
chemoselective reduction of the keto group of LA by hydrogen 
transfer from a secondary alcohol as a hydrogen source through a 
MPV reaction (see Figure 1 c). The Zr-zeolite Beta is an excellent 
catalyst for this MPV reduction due to the strong Lewis acidity that 
provides high activity at low temperatures (entry 1 of Table 6).
32a
 
On the one hand, for samples containing a small number of weak 
Brønsted sites and a very high Si/Al ratio such as Zr or Sn Beta 
zeolite, the preferred reaction pathway is the MPV reduction of the 
keto group in the levulinic acid and subsequent intramolecular 
esterification to GVL. The Zr-Beta catalyst was stable when 
introduced in a packed-bed flow reactor, with no signs of 
deactivation after 48 h of continuous reaction.  
 
 
Catalyst Aldehyde conv.(%) SEther TOF (h
−1
) 
1 Zr-Beta(Si/Zr=134) 100  99 80 
2 Sn-Beta(Si/Zr=107) 71  99 40 
3 Zr(Ti)-NDC-NH2 98  99 2 
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Table 6. Reduction of Ethyl Levulinate with 2-butanol
a 
 
 
Catalyst Conv. (%) SGVL TOF (h
−1
) 
1 Zr-Beta (Si/Zr=100)
 
97 99 90 
2 Sn-Beta (Si/Sn=100) 26 95 5 
3 MOF-808 99 85 7 
4 UiO-66 43 18 1 
5 UiO-66 63 25 1 
a
Entries 1-2 were carried out at 110 ⁰C during 5h (R = CH3),
32
 entries 
3-4 were performed at 130 ⁰C for 3h
30a
 and entry 5 at 150 ⁰C for 4h 
(R = CH2CH3).
33 
 
On the other hand, the presence of Brønsted acid sites associated to 
Al-OH sites in zeolites decreases the selectivity to the desired GVL 
(from 99 to 71% for Zr-Beta and Zr-Al-Beta, respectively) due to the 
favored esterification of levulinic acid with the 2-butanol solvent at 
120 ⁰C (see Figure 1c).
32b
  
The Zr MOF UiO-66 is also active in the transesterification of ethyl 
levulinate (both at 130 and 150⁰C), due to the bifunctional nature 
of the Zr sites, able to catalyze the hydrogen transfer and the 
esterification reaction (see entries 4 and 5 in Table 6). This results in 
a lower selectivity to GVL, although the UiO-66 resists the reaction 
conditions after 5 cycles, maintaining its catalytic activity. The 
crystallinity, particle morphology and porosity were similar to that 
of the fresh UiO material, although the linker deficiency increases 
due to the loss of linker during the reaction. MOF-808 has a better 
catalytic performance for the MPV reaction of LA than UiO-66 
(entry 3), as described in section 3.1. The structure and activity of 
the MOF-808 was practically the same after five reaction cycles, 
although in this case the surface area decreases from 1450 to 900 
m
2
g
-1
.
30a
 NH3-TPD and CO2-TPD analysis of the MOFs indicate that 
they possess acidic and basic sites, being the quantity of these sites 
larger in MOF-808 than UiO-66(Zr). The origin of the acid–base 
sites, Zr–O–Zr or Zr–OH–Zr, in the metal clusters of the Zr-MOFs is 
similar to that proposed for the isomerization of glucose to 
fructose, where the combination of acid and base sites (Zr
4+
 and 
O
2−
) from the metal cluster interact with both isopropanol and ethyl 
levulinate to form a six membered ring transition state (see Figure 
6). The main conclusion of this section is that the reaction rate 
obtained with Zr-Beta is up to one order of magnitude higher that 
the obtained with Zr MOFs, probably due to the higher Lewis acidity 
of the isolated Zr sites in the high silica Beta zeolite. As occurred in 
the MPV reduction of aldehydes (Table 4), the MOF-808 shows an 
activity almost ten times higher than that of the UiO-66, and higher 
than Sn-Beta. Thus, Zr-Beta zeolite and MOF-808 are potential 
candidates for liquid phase catalytic hydrogenation of keto 
compounds, showing high stability and adequate 
regenerability/reusability, especially in the case of the zeolite 
catalyst. The high catalytic activity of MOF-808 should encourage 
additional characterization and catalytic studies, to better 
understand the key factors that influence the catalytic performance 
of this MOF samples. 
Figure 6. Tentative reaction mechanism proposed for the CTH 
process of levulinate esters to GVL over Zr MOF catalyst, where the 
Zr-O acid base pairs in the inorganic Zr-oxo clusters located at the 
nodes of the MOF framework are supposed to be the catalytic 
active sites. Reproduced with permission of reference 33. Copyright 
(2017), American Chemical Society. 
 
4. Esterification reactions 
The esterification of levulinic acid (LA) produces alkyl levulinates, 
which are employed as fragances, flavours and plastiziers. Their low 
toxicity, flammability and viscosity makes levulinic acid esters 
adequate additives of diesel and gasoline due to the similar 
properties to fatty acid methyl esters, but without the inconvenient 
of low fluidity at low temperatures.
34
 Although those esters can be 
obtained from biomass derivatives such as furfuryl alcohol, the 
majority of catalysts described are poisoned by the adsorption of 
carbonaceous species that considerably decreases the activity in 
the subsequent reaction cycles, as described earlier for the 
synthesis of HMF from glucose (see Figure 7).
35
  
 
Figure 7. Esterification reactions of bio-based levulinic acid using 
the desired alcohol (ROH) as a solvent and an acid catalyst (H
+
) in 
the context of hemicellulose valorisation. 
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In order to carry out such esterification reactions avoiding corrosion 
and environmental problems of mineral acids, solid catalysts have 
been used. A large part of them are Brønsted acid catalysts, i.e. 
micro/meso zeolites,
36a
 heteropolyacids,
36b
 sulfated oxides,
36c
 acid 
impregnated clays
36d
 and acidic ion exchange resins.
36e 
In the case 
of MOFs, Gascon et al. showed that upon treatment with a mixture 
of triflic anhydride and sulfuric acid, chemically stable MOF 
structures MIL-101(Cr) and MIL-53(Al) can be sulfated, resulting in a 
Brønsted acid group attached to the aromatic terephthalate linkers 
of the structure.
37
  
Different zeolites have been described in literature for the 
esterification of levulinic acid with n-butanol (entries 1-4 of Table 
7).
36a,38
 Among them, ZSM-5, presents stronger acid sites than Beta 
zeolite, due to its higher Si/Al ratio. However, the ZSM-5 is less 
active in the esterification of levulinic acid with n-butanol than BEA 
zeolite (entry 1 vs. entries 2-3), which has been attributed to 
diffusional limitations to the small pores and also to the smaller 
surface area (310 m
2
g
-1
) compared to that of Beta zeolite               
(710 m
2
g
-1
). The importance of having strong acid sites for the 
catalytic activity in esterification reactions is also confirmed by the 
higher activity of the hierarchical HZSM-5 zeolite (Si/Al=37). The 
hydrophobicity of the material (indicated by the Si/Al ratio) may 
favour the condensation reaction, as reported by Kiss et al.
39
 As the 
zeolite hydrophobicity increases, the absorption of the water by-
product that will lead to deactivation is avoided. However, if the Si/ 
Al ratio is too high, the zeolite may lose its acidic properties. For low 
Si/Al ratios, water is easily absorbed, blocking the access of the 
reagents but when the Si/Al ratio is increased, reaction pockets are 
created inside a hydrophobic environment, as discussed for the 
glucose isomerization in water (section 2.2). 
It is known that in MOFs, some acid sites can be formed just during 
the reaction and cannot be assessed by experimental techniques 
before or after the reaction.
40
 However, in the particular case of the 
Zr MOFs (i.e. UiO-66 type discussed in this article) it has been  
 
Table 7. Levulinic acid (LA) esterif ication with n -butanol
a  
 
 
Catalyst Conv. (%) TOF (h-1) 
1 H-BEA (Si/Al=12.5) 82 50 
2 H-ZSM-5 (Si/Al=15) 31 6 
3 H-ZSM-5 (Si/Al=37) 30 20 
4 Hierarchical H-ZSM-5 (Si/Al=37) 90 90 
5 UiO-66 (13% defects) 99 110 (400) 
6 UiO-66-NH2 (9% defects) 99 70 (560) 
7 p-toluenesulphonic acid 99 400 
a
Entries 1-2: n-butanol:LA molar ration 7:1, 120 ⁰C, 4h.
47 
Entries 3-4: 
n-butanol:LA molar ratio 4:1, 100 ⁰C, 5h.
36b
 Entries 5-7: n-
butanol:LA molar ratio 6:1, 120 ⁰C, 4h.
40b
 The TOF in parenthesis is 
obtained considering only the Zr sites associated to missing linkers 
(two per each missing linker). 
 
a)                                               b) 
Figure 8. a) TGA of two UiO-66 samples with different water (18% 
vs 6%) and missing linkers (13% and 2%). b) Dependence of the 
linker defect content with the catalytic activity for the esterification 
of levulinic acid with ethanol using UiO-66 (red), UiO-66-NH2 (blue) 
and UiO-66-NO2 (black star).
40c 
 
proposed that the linker content determined from the 
corresponding thermo-gravimetric analysis is generally lower than 
that expected for the ideal stoichiometric MOF, which indicates the 
existence of linker defects in the “as-prepared” samples.
41a
 
Therefore, linker deficiencies from 2% to 13% were estimated in the 
case of UiO-66 samples (see Figure 8a). The catalytic activity for 
esterification of levulinic acid is proportional to the linker defects 
content, in the sense that for materials with low linker deficiency the 
catalytic activity is also low (see Figure 8b).
41c
 Indeed, if only the 
zirconium atoms associated to defects (coordinatively unsaturated 
Zr
4+
 ions) are consider as active sites, the TOF calculated when using 
UiO-66 is similar to that obtained for p-TSA (400h
-1
) in the 
esterification of levulinic acid with n-butanol (entries 5-7 of Table 
7). 
For the UiO-66-NH2, the defect content seems to affect less to the 
catalytic activity for the esterification of levulinic acid with ethanol. 
In fact, the material with amino groups have a superior catalytic 
activity compared with UiO-66 (560 h
-1
 vs 400 h
-1
), which indicates 
the existence of other sites that could participate in the reaction 
mechanism or increment the catalytic activity of the defective 
sites.
42
 In the case of UiO-66-NO2, the defect content was very low 
for all the samples prepared, in line with the lower catalytic activity. 
However, due to the electron releasing nature of the nitro groups,
9
 
this material presents a higher catalytic activity than UiO-66 even 
containing a low linker deficiency (see Figure 8b). In fact, it is logical 
that the higher acidity of the nitroterephthalic acid (with respect to 
aminoterephthalic acid) increases the Zr-O-carboxylate strength, 
decreasing the number of missing linkers. 
Moreover, UiO-66-NH2 adsorb a higher amount of water than the 
non-functionalized UiO-66 one, due to preferred amine-water 
interactions (higher density of hydrophilic sites).
43
 Also, the 
presence of a proximal basic site in UiO-66-NH2, favours the 
interaction of the water molecule with the Lewis basic oxygen or 
the amino groups,
44
 or even with NH3
+
 groups formed due to the 
HCl generated during the ZrCl4 hydrolysis.
45
 The coordinatively 
unsaturated Zr sites in the defective high surface area nano-MOF 
generates a higher amount of strong Brønsted acid sites when 
interacting with the protic alcohol or the water molecules, as has 
been summarized in Figure 9. In fact, the coordinatively unsaturated  
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Figure 9. Proposed interactions between water and defective Zr 
sites in the UiO-66. (a) The acid-base properties of the oxo-metallic 
clusters may be tuned by the use of hydrophilic and electro-
donating NH2 or hydrophobic (b) and electro-withdrawing NO2 
functional groups (d) attached to the organic l inker.  
 
Zr sites are Lewis acid sites which strongly interact with molecules 
such as water or monocarboxylate used as a crystal growth 
modulator (Figure 9a).
46
 These water molecules in the 
coordinatively unsaturated defects present on the Zr MOF can 
generate mobile protons (Brønsted sites), resulting in an increased 
protonic conduction through a Grotthuss mechanism, i.e. Zr-
(H2O)(HOH
+
OH)(H2O).
47 
The increase in the density (Figure 9b)  or 
strength (Figure 9c) of those sites can be tuned by the functional 
group present in the benzene ring of the linker, as described for the 
isomerization of citronellal and epoxide ring opening.
9,48 
From Table 7 it is deduced that the defective Zr-UiO MOFs are, in 
general, more active than the zeolites described in the esterification 
of levulinic acid with n-butanol (entries 1-4 vs entries 5-6). 
Interestingly, the Zr(IV) Lewis acid sites in a high silica Beta zeolite 
does not improve the activity for the esterification of fatty acids 
with respect to the defective nano-sized Zr-MOFs, in spite of the 
high catalytic hydrogen transfer activity.
41b
 This is probably due to 
the higher density of Zr
4+
 hard Lewis (and Zr-(H2O)(HOH
+
OH)(H2O) 
Brønsted) sites in the defective MOF (~30 wt.% ZrO2) with respect 
to the Zr-Beta zeolite (~1 wt.% ZrO2). Moreover, a novel synthetic 
approach of Zr-MOFs developed by Luz et al. allows the synthesis of 
very small and well-dispersed defective MOF nanocrystals within 
mesoporous silica under very mild reaction conditions.
49a
 This fact 
increases the amount of available Zr active sites in this hybrid UiO-
66/SiO2 material (~6 wt.% ZrMOF), boosting its catalytic activity in 
the esterification of testosterone with respect to Zr-Beta zeolite.
49b
 
The hybrid MOF material was used in at least seven reaction cycles, 
showing only a small decrease in the final testosterone ester yield 
(from 99 to 77%). 
In the case of LA esterification, after each reaction cycle the MOF 
was regenerated by simple washing with EtOH which allows at least 
three runs of the used catalysts without apparent changes in the 
crystallinity. The yield of butyl levulinate decreases only from 99 to 
96 %, indicating a good reusability of the material.
36b
 In order to 
regenerate the Zeolite BEA after 4 h reaction, the catalyst was 
reactivated by heating in a stream of air at 400–500 ⁰C for 4 h and 
then reused for five runs without significant loss of activity or 
crystallinity. Finally, the hierarchical-HZSM-5 catalyst maintains its 
activity during five cycles with LA conversion of 98%. The spent 
catalyst was recovered and subjected to calcination in air at 823 K 
for 5 h to burn away organics deposited. This regenerated catalyst 
was reused in subsequent five cycles and was found to remain 
active with a LA conversion of 98%.  
Conclusions and outlook 
This article analyze some of the catalytic applications of MOFs and 
zeolites in selected examples that have in common the activation of 
carbonyl containing organic molecules derived from biomass 
resources. The catalytic sites present in the structure of these 
porous solids are able to selectively convert the desired carbonyl 
functionality of the reagents into a new one. Those functional 
groups in the product obtained determine the properties and 
applications as fragances (isopulegol or menthol), flavours 
(menthol, fructose or alkyl levulinates) and biofuels (alkyl 
levulinates or γ-valerolactone). Examples of active and selective 
crystalline and porous solids in isomerization, hydrogen transfer 
and esterification reactions have been discussed, comparing the 
activity and selectivity of MOFs and zeolites containing tetravalent 
isolated metals M(IV). Due to the limited thermal and chemical 
stability of the MOFs, the regeneration and reuse of this type of 
catalysts still far from the more robust and stable inorganic 
molecular sieves. Nevertheless, the zirconium carboxylate 
frameworks discussed here are among the most stable MOFs 
reported until now, combining a high catalytic activity with the 
possibility to be regenerated and reused under the mild conditions 
required in the fine chemistry reactions proposed here. The 
perspective provided in the text could be summarized in following 
four main ideas: 
i) Compared to MOFs, the low amounts of M(IV) catalytic active 
sites present in the zeolite matrix has been successfully 
employed for Lewis acid catalyzed reactions such as 
isomerizations and hydrogen transfer, obtaining higher TOFs 
than those obtained with MOFs. However, by functionalization 
of the MOF linker (UiO-66-X, X=H, NH2, NO2…) it is possible to 
tune the Lewis acidity of the Zr sites, controlling the activity and 
selectivity in isomerization reactions. The electron-withdrawal 
effect of the nitro groups in the UiO-66-NO2, increase the Lewis 
acid strength of the zirconium sites, enhancing the carbonyl 
activation step by the strong Lewis acidity of the zirconium 
active sites of this MOF.  
ii) The nature of the catalytic active site (Ti, Zr, Sn, Hf...), 
coordination environment (saturated or partially unsaturated) 
and the polarity, hydrophilicity or hydrophobicity of the 
framework are important physico-chemical parameters that 
influences the adsorption of the reactants from the solvent into 
the active sites. The polarizability of those active sites as well as 
the participation of neighboring groups in the stabilization of 
the transition state has been also highlighted here for the 
activation of carbonyl groups. For the isomerization of glucose 
to fructose in water, sites with strong Brønsted basicity such as 
Sn-O-H as well as hydrophobic pockets that confine the well-
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isolated Sn (IV) Lewis acid sites, leads to turnover rate 
enhancements with respect to sites isolated within highly 
defective, hydrophilic molecular sieves. 
iii) While M(IV) containing zeolites seems to be more active in 
isomerization reactions such as citronellal to isopulegol or 
glucose to fructose, some MOFs shows promising results in 
catalytic hydrogen transfer reactions using alcohols as hydrogen 
source. The strong Lewis acidity of the coordinatively 
unsaturated Zr sites present in the open structure of MOF-808, 
turns this material into a potential candidate for liquid phase 
catalytic hydrogenation of carbonyl compounds. Moreover, 
when both a keto and a carboxylic acid groups are present in 
the same molecule, i.e. levulinic acid, interesting effects on the 
selectivity to the esterification or hydrogen transfer reaction 
pathways are observed when working in an alcohol solvent. On 
the one hand, for M(IV) zeolites containing a small number of 
weak Brønsted sites and a very high Si/Al ratio, the preferred 
reaction pathway is the MPV reduction of the keto group in the 
levulinic acid and subsequent intramolecular esterification to 
GVL. On the other hand, the presence of Brønsted acid sites 
associated to Al-OH sites in zeolites or Zr-
(H2O)(HOH
+
OH)(H2O) in MOFs decreases the selectivity to the 
desired GVL due to the favored esterification of levulinic acid. 
iv) Finally, in the case of hydrophilic Zr nanoMOFs, their 
outstanding catalytic activity due to the Brønsted acid sites 
associated to water molecules coordinated to Zr(IV) 
coordinatively unsaturated sites, pave the road towards further 
research on new catalytic applications of acid MOFs (or MOFs 
composites) that are robust enough to be shaped for industrial 
catalytic processes. In this sense, the growth of very small MOF 
nanocrystals (with a high amount of exposed active sites in the 
outer surface of the nanocrystal) has been employed in the 
esterification of levulinic acid, fatty acids or testosterone; 
obtaining a promising catalytic performance with respect to 
inorganic (oxides, clays, silica, zeolites) or organic (ion exchange 
resins) well-established solid acids. 
Acknowledgements 
The European Commission-Horizon 2020 under the Marie 
Sklodowska–Curie Individual Fellowship grant agreement 
number750391 (Project acronym SINMOF) is kindly acknowledged 
for financial support. 
Notes and references 
1 R. A. Sheldon, Green Chem., 2017, 1, 903. 
2 (a) A. Corma, Chem. Rev., 1995, 95, 559; (b) A. Corma and H. 
García, Chem. Rev., 2002, 102, 3837; (c) A. Corma and H. 
García, Chem. Rev., 2003, 103, 4307; (d) T. Ennaert, J. Van 
Aelst, J. Dijkmans, R. De Clercq, W. Schutyser, M. Dusselier, 
D. Verboekend, B. F. Sels, Chem. Soc. Rev., 2016, 45, 584; (e) 
A. Grau-Atienza, R. Campos, E. Serrano, M. Ojeda, A. A. 
Romero, J. Garcia-Martinez and R. Luque, ChemCatChem, 
2014, 6, 3530; (f) M. Ojeda, A. Grau-Atienza, R. Campos, A.A. 
Romero, E. Serrano, J.M. Marinas, J. Garcia-Martinez and R. 
Luque, ChemSusChem, 2015, 8, 1328; (g) H. Li, S. Yang, A. 
Riisager, A. Pandey, R. S. Sangwan, S. Saravanamurugan and 
R. Luque, Green Chem., 2016, 18, 5701; (h) M. Moliner, C. 
Martínez and A. Corma, Angew. Chem. Int. Ed., 2015, 54, 
3560; (i) Y. Nie, W. Niah, S. Jaenicke and G.-K. Chuah, J. 
Catal., 2007, 248, 1; (j) J. Plößer, M. Lucas and P. Claus, J. 
Catal. 2014, 320, 189. 
3 (a) M. J. Climent, A. Corma and S. Iborra, Chem. Rev., 2011, 
111, 1072; (b) M. J. Climent, A. Corma and S. Iborra, RSC 
Adv., 2012, 2, 16; (c) M. J. Climent, A. Corma, S. Iborra and 
M. J. Sabater, ACS Catal., 2014, 4, 870; (d) F. X. Llabrés i 
Xamena, I. Luz and F. G. Cirujano in Metal Organic 
Frameworks as Heterogeneous Catalysts, eds. F. X. Llabrés i 
Xamena and J. Gascon, Royal Society of Chemistry, 
Cambridge, 2013, chapter 7, 237-267; (e) F. G. Cirujano and 
F. X. Llabrés i Xamena in Organic Nanoreactors: From 
molecular to supramolecular compounds, ed. S. Sadjadi, 
Elsevier, 2016, chapter 10, 305-340; (f) F. G. Cirujano, F. X. 
Llabrés i Xamena and A. Corma, Dalton Trans., 2012, 41, 
4249; (g) F. G. Cirujano, A. Leyva-Pérez, A. Corma and F. X. 
Llabrés i Xamena, ChemCatChem, 2013, 5, 538; (h) F. G. 
Cirujano, E. López-Maya, M. Rodríguez-Albelo, E. Barea, J. A. 
R. Navarro, D. E. De Vos, ChemCatChem, 2017, DOI: 
10.1002/cctc.201700784. 
4 (a) J. B. Higgins, R. B. LaPierre, J. L. Schlenker, A. C. Rohrman, 
J. D. Wood, G. T. Kerr and W. J. Rohrbaugh, Zeolites, 1988, 8, 
446; (b) A. Corma, L. T. Nemeth, M. Renz and S. Valencia, 
Nature 2001, 412, 423; (c) Y. Roman-Leshkov and M. E. 
Davis, ACS Catal., 2011, 1, 1566; (d) M. Moliner, Dalton 
Trans., 2014, 43, 4197; (e) S. Van de Vyver and Y. Roman-
Leshkov, Angew. Chem. Int. Ed. 2015, 54, 12554; (f) P. 
Ferrini, J. Dijkmans, R. De Clercq, S. Van de Vyver, M. 
Dusselier, P. A. Jacobs and B. F. Sels, Coord. Chem. Rev., 
2017, 343, 220; (g) L. Mafra, J. A. Vidal-Moya and T. Blasco, 
Annual Reports On NMR Spectroscopy, 2012, 77, 259; (h) M. 
Boronat, P. Concepcion, A. Corma and M. Renz, Catal. Today, 
2007, 121, 39; (i) L. Nemeth, J. Moscoso, N. Erdman, S. R. 
Bare, A. Oroskar, S. D. Kelly, A. Corma, S. Valencia and M. 
Renz, Stud. Surf. Sci. Catal., 2004, 154, 2626; (j) J. Prech, M. 
Arroyo Carretero and J. Cejka, ChemCatChem, 2017, 9, 3063; 
(k) J. Dijkmans, M. Dusselier, D. Gabriëls, K. Houthoofd, P. C. 
M. M. Magusin, S. Huang, Y. Pontikes, M. Trekels, A. 
Vantomme, L. Giebeler, S. Oswald, B. F Sels, ACS Catal., 
2015, 5, 928. 
5 (a) J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. 
Lamberti, S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 
2008, 130, 13850; (b) A. Herbst and C. Janiak, 
CrystEngComm, 2017, CrystEngComm, 2017, 19, 4092; (c) M. 
Rimoldi, A. J. Howarth, M. R. DeStefano, L. Lin, S. Goswami, 
P. Li, J. T. Hupp and O. K. Farha, ACS Catal., 2017, 7, 997; (d) 
N. A. Ramsahye, J. Gao, H. Jobic, P. L. Llewellyn, Q Yang, A. D. 
Wiersum, M. M. Koza, V. Guillerm, C. Serre, C. L. Zhong and 
G. Maurin, J. Phys. Chem. C, 2014, 118, 27470; (e) H. 
Furukawa, F. Gándara, Y. B. Zhang, J. Jiang, W.L. Queen, M.R. 
Hudson and O. M. Yaghi, J Am Chem Soc. 2014, 136, 4369; (f) 
P. Ji, J. B. Solomon, Z. Lin, A. Johnson, R. F. Jordan and W. Lin, 
J. Am. Chem. Soc. 2017, 139, 11325; (g) J. E. Mondloch, W. 
Bury, D. Fairen-Jimenez, S. Kwon, E. J. DeMarco, M. H. 
Weston, A. A. Sarjeant, S. T. Nguyen, P. C. Stair, R. Q. Snurr, 
O. K. Farha and J. T. Hupp, J. Am. Chem. Soc., 2013, 135, 
10294; (h) T. C. Wang, N. A. Vermeulen, I. S. Kim, A. B. F. 
Martinson, J. F. Stoddart, J. T.. Hupp, O. K. Farha, Nat. Protoc. 
2016, 11, 149; (i) C. T. Buru, P. Li, B. L. Mehdi, A. Dohnalkova, 
A. E. Platero-Prats, N. D. Browning, K. W. Chapman, J. T. 
Hupp and O. K. Farha, Chem. Mater. 2017, 29, 5174. 
6 (a) P. Valvekens, F. Vermoortele, and D. De Vos, Catal. Sci. 
Technol., 2013, 3, 1435; (b) J. Jiang and O. M. Yaghi., Chem. 
Rev. 2015, 115, 6966; (c) M. Rimoldi, A. J. Howarth, M. R. 
DeStefano, L. Lin, S. Goswami, P. Li, J. T. Hupp, and O. K. 
Farha, ACS Catal., 2017, 7, 997; (d) A. Corma, H. García and F. 
Journal Name Perspective 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11  
Please do not adjust margins 
Please do not adjust margins 
X. Llabrés i Xamena, Chem. Rev. 2010, 110, 4606; (e) P. 
Garcia-Garcia, M. Muller and A. Corma, Chem. Sci., 2014, 5, 
2979; (f) M. Opanasenko, A. Dhakshinamoorthy, M. 
Shamzhy, P. Nachtigall, M. Horacek, H. Garcia and J. Cejka, 
Catal. Sci. Technol. 2013, 3, 500; (g) S. M. J. Rogge, A. 
Bavykina, J. Hajek, H. Garcia, A. I. Olivos-Suarez, A. 
Sepúlveda-Escribano, A. Vimont, G. Clet, P. Bazin, F. Kapteijn, 
M. Daturi, E. V. Ramos-Fernandez, F. X. Llabrés i Xamena, V. 
Van Speybroeck and J. Gascon, Chem. Soc. Rev., 2017, 46, 
3134.  
7 A. Corma and M. Renz, Chem. Commun., 2004, 5, 550. 
8 Z. Yongzhong, N. Yuntong, S. Jaenicke and G. K. Chuah, J. 
Catal., 2005, 229, 404. 
9 F. Vermoortele, M. Vandichel, B. Van de Voorde, R. Ameloot, 
M. Waroquier, V. Van Speybroeck and D. De Vos, Angew. 
Chem. Int. Ed., 2012, 51, 4887. 
10 (a) L. Alaerts, E. Seguin, H. Poelman, F. Thibault-Starzyk, P. A. 
Jacobs and D. E. De Vos, Chem. Eur. J., 2006, 12, 7353; (b) M. 
Vandichel, F. Vermoortele, S. Cottenie, D. E. De Vos, M. 
Waroquier and V. Van Speybroeck, J. Catal., 2013, 305, 118. 
11 F. Neatu, S. Coman, V. I. Parvulescu, G. Poncelet, D. De Vos 
and P. A. Jacobs, Top. Catal., 2009, 52, 1292. 
12 (a) A. Yepez, A. Pineda, A. Garcia, A. A. Romero and R. Luque, 
Phys. Chem. Chem. Phys., 2013, 15, 12165; (b) S. De, B. Saha 
and R. Luque, Biores. Techn., 2015, 178, 108; (c). A. Yepez, A. 
Garcia, M. S. Climent, A. A. Romero and R. Luque, Catal. Sci. 
Technol., 2014, 4, 428; (d) X. Yi, I. Delidovich, Z. Sun, S. Wang, 
X. Wang and R. Palkovits, Catal. Sci. Technol., 2015, 5, 2496; 
(e) M. Rose, P. J. C. Hausoul and R. Palkovits in Producing 
Fuels and Fine Chemicals from Biomass Using Nanomaterials, 
eds. R. Luque and A. M. Balu, Taylor & Francis Group, Boca 
raton, 2014, chapter 8, 181-222. 
13 (a) A. Corma, S. Iborra and A. Velty, Chem. Rev., 2007, 107, 
2411; (b) M. Moliner, Y. Roman-Leshkov and M.E. Davis, 
PNAS, 2010, 107, 6164; (c) L. Ren, Q. Guo; K. Qiang; P. 
Kumar, O. Marat; D. Xu, M. S. Alhassan, K. A. Mkhoyan, M. E. 
Davis and M. Tsapatsis, Angew. Chem. Int. Ed. 2015, 54, 
10848. 
14 (a) M. Yabushita, P. Li, T. Islamoglu, H. Kobayashi, A. 
Fukuoka, O. K. Farha and A. Katz, Ind. Eng. Chem. Res., 2017, 
56, 7141; (b) C. D. Malonzo, S. M. Shaker, L Ren, S. D. 
Prinslow, A. E. Platero-Prats, L. C. Gallington, J. Borycz, A. B. 
Thompson, T. C. Wang, O. K. Farha, J. T. Hupp, C. C. Lu, K. W. 
Chapman, J. C. Myers, R. L. Penn, L. Gagliardi, M. Tsapatsis 
and A. Stein, J. Am. Chem. Soc., 2016, 138, 2739. 
15 (a) M. Boronat, P. Concepción, A. Corma, M. Renz and S. 
Valencia, J. Catal., 2005, 234, 111, (b) Y.-P. Li, M. H.-Gordon, 
and A. T. Bell, ACS Catal., 2014, 4, 1537, (c) P. Wolf, M. Valla, 
F.    ez-Zarur, A. Comas-Vives, A. J. Rossini, C. Firth, H. 
Kallas, A. Lesage, L. Emsley, C. Cop ret and I. Hermans, ACS 
Catal., 2016, 6, 4047. 
16 S. Caratzoulas, M. E. Davis, R. J. Gorte, R. Gounder, R. F. 
Lobo, V. Nikolakis, S. I. Sandler, M. A. Snyder, M. Tsapatsis, 
and D. G. Vlachos, J. Phys. Chem. C, 2014, 118, 22815. 
17 R. Gounder and M. E. Davis, J. Catal., 2013, 308, 176. 
18 (a) R C. Klet, Y. Liu, T. C. Wang, J. T. Hupp and O. K. Farha, J. 
Mater. Chem. A, 2016, 4, 1479; (b) D. Yang, V. Bernales, T. 
Islamoglu, O. K. Farha, J. T. Hupp, C. J. Cramer, L. Gagliardi 
and B. C. Gates, J. Am. Chem. Soc., 2016, 138, 15189; (c) N. 
Planas, J. E. Mondloch, S. Tussupbayev, J. Borycz, L. Gagliardi, 
J. T. Hupp, O. K. Farha and C. J. Cramer, J. Phys. Chem. Lett., 
2014, 5, 3716. 
19 (a) L. A. Saudan, Acc. Chem. Res., 2007, 40, 1309; (b) C. 
Chapuis and D. Jacoby, Appl. Catal. A, 2001, 220, 93; (c) H. 
Cherkaouia, M. Soufiaoui and R. Grée, Tetrahedron, 2001, 
57, 2379; (d) M. Kurosu, L. R. Marcin, T. J. Greiner and Y. 
Kishi, J. Am. Chem. Soc., 1998, 120, 6627; (e) E. R. H. Walker, 
Chem. Soc. Rev., 1976, 5, 23; (f) F. R. Bisogno, A. A. Orden, C. 
A. Pranzoni, D. A. Cifuente, O. S. Giordano and M. Kurina 
Sanz, Steroids, 2007, 72, 643; (g) C. Chen, H. Yuan, H. Wang, 
Y. Yao, W. Ma, J. Chen, and Z. Hou, ACS Catal., 2016, 6, 3354; 
(h) R. M. Hanson and K. B. Sharpless, J. Org. Chem., 1986, 51, 
1922; (i) M. M. Hussain and P. J. Walsh, Acc. Chem. Res., 
2008, 41, 883. 
20 (a) C. Milone, R. Ingoglia, M. L. Tropeano, G. Neri and S. 
Galvagno, Chem. Commun., 2003, 7, 868. (b) P. G. N. 
Mertens, P. Vandezande, X. Ye, H. Poelman, I. F. J. 
Vankelecom and D. E. De Vos, Appl. Catal. A , 2009, 355, 176. 
(c) G. F. Santori, A. G. Moglioni, V. Vetere, G. Y. M. Iglesias, 
M. L. Casella and O. A. Ferretti, Appl. Catal. A, 2004, 269, 
215. (d) M. De bruyn, S. Coman, R. Bota, I. V. Parvulescu, D. 
E. De Vos and P. A. Jacobs, Angew. Chemie Int. Ed., 2003, 42, 
5333. (e) Z. Guo, C. Xiao, R. V. Maligal-Ganesh, L. Zhou, T. W. 
Goh, X. Li, D. Tesfagaber, A. Thiel and W. Huang, ACS Catal., 
2014, 4, 1340. (f) H. Liu, Z. Li and Y. Li, Ind. Eng. Chem. Res., 
2015, 54, 1487. (g) M. Zhao, K. Yuan, Y. Wang, G. Li, J. Guo, L. 
Gu, W. Hu, H. Zhao and Z. Tang, Nature, 2016, 539, 76. 
21 (a) J. S. Cha, Org. Process Res. Dev., 2006, 10, 1032, (b) J. Ruiz 
and C. Jimenez-Sanchidrian, Curr. Org. Chem., 2007, 11, 
1113. 
22 (a) A. Corma, M. E. Domine and S. Valencia, J. Catal., 2003, 
215, 294; (b) A. Corma, M. E. Domine, L. Nemeth and S. 
Valencia, J. Am. Chem. Soc., 2002, 124, 3194. 
23 Y. Z. Zhu, G.-K. Chuah and S. Jaenicke, J. Catal., 2006, 241, 
25. 
24 (a) E. Plessers, D. E. De Vos and M. B. J. Roeffaers, J. Catal., 
2016, 340, 136; (b) E. Plessers, G. Fu, C. Tan, D. E. De Vos and 
M. Roeffaers, Catalysts, 2016, 6, 104. (c) A. M. Rasero-
Almansa, M. Iglesias and F. Sánchez, RSC Adv. 2016, 6, 
106790.  
25 (a) M. Boronat, A. Corma and M. Renz, J. Phys. Chem. B, 
2006, 110, 21168; (b) J. Hajek, B. Bueken, M. Waroquier, D. 
De Vos and V. Van Speybroeck, ChemCatChem, 2017, 9, 
2203. 
26 J.C. van der Waal, P.J. Kunkeler, K. Tan and H. van Bekkum, J. 
Catal., 1998, 173, 74. 
27 G. Wang, C. Sharp, A. M. Plonka, Q. Wang, A. I. Frenkel, W. 
Guo, C. Hill, C. Smith, J. Kollar, D. Troya, and J. R. Morris, J. 
Phys. Chem. C, 2017, 121, 11261. 
28 V. L. Sushkevich, A. Vimont, A. Travert, and I. I. Ivanova, J. 
Phys. Chem. C, 2015, 119, 17633. 
29 A. Corma and M. Renz, Angew. Chem. Int. Ed., 2007, 46, 298. 
30 (a) A. H. Valekar, K.-H. Cho, S. K. Chitale, D.-Y. Hong, G.-Y. 
Cha and U.-H. Lee, Green Chem., 2016, 18, 4542; (b) R. S. 
Assary, L. A. Curtiss and J. A. Dumesic, ACS Catal., 2013, 3, 
2694; (c) M. Chia and J. A. Dumesic, Chem. Commun., 2011, 
47, 12233; (d) J. M Bermudez, J A. Menéndez, A. A Romero, 
E. Serrano, J. Garcia-Martinez and R. Luque, Green Chem., 
2013, 15, 2786. 
31 (a) I. T. Horváth, H. Mehdi, V. Fabos, L. Boda and L. T. Mika, 
Green Chem., 2008, 10, 238; (b) A. M. C. F. Castelijns, M. C. C. 
Janssen and H. W. L. M. Vaessen, WO2012175439; (c) R. 
Palkovits, Angew. Chemie Int. Ed., 2010, 49, 4336; (d) J.-P. 
Lange, R. Price, P. M. Ayoub, J. Louis, L. Petrus, L. Clarke, H. 
Gosselink and H. Valeric, Angew. Chemie Int. Ed., 2010, 49, 
4479; (e) J. C. Serrano-Ruiz, D. Wang and J. A. Dumesic, 
Green Chem., 2010, 12, 574; (f) S. Merlet, M. Scherer and M. 
Biocide, EP2364590A1; (g) D. Fegyverneki, L. Orha, G. Láng 
and I. T. Horváth, Tetrahedron 2010, 66, 1078; (h) J. C. 
Serrano-Ruiz, R. M. West and J. A. Dumesic, Annu. Rev. 
Chem. Biomol. Eng., 2010, 1, 79; (i) W. R. H. Wright and R. 
Palkovits, ChemSusChem, 2012, 5, 1657. 
32 (a) L. Bui, H. Luo, W. R. Gunther and Y. Roman Leshkov, 
Angew. Chem. Int. Ed., 2013, 52, 8022; (b) J. Wang, S. 
Jaenicke and G.-K. Chuah, RSC Adv., 2014, 4, 13481. 
Perspective Journal Name 
12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
33 Y. Kuwahara, H. Kango and H. Yamashita, ACS Sustain. Chem. 
Eng., 2017, 5, 1141. 
34  (a) Y. Kuwahara, T. Fujitani and H. Yamashita, Catal. Today, 
2014, 237, 18. (b) J. Zhang, S. Wu, B. Li and H. Zhang, 
ChemCatChem, 2012, 4, 1230. 
35 (a) M. M. Antunes, S. Lima, P. Neves, A.L. Magalhães, E. 
Fazio, F. Neri, M. T. Pereira, A. F. Silva, C. M. Silva, S. M. 
Rocha, M. Pillinger, A. Urakawa and A. A. Valente, Appl. 
Catal. B, 2016, 182, 485; (b) L. Filiciotto, A. M. Balu, J. C. Van 
der Waal, R. Luque, DOI: 10.1016/j.cattod.2017.03.008. 
36 (a) K. Y. Nandiwale and V. V. Bokade, Chem. Eng. Technol., 
2015, 38, 246; (b) S. Dharne and V.V. Bokade, J. Nat. Gas 
Chem., 2011, 20, 18; (c) K. Saravanan, B. Tyagi, R. S. Shukla 
and H.C. Bajaj, Appl. Cat. B, 2015, 172-173, 108; (d) L. Zatta, 
L. P. Ramos and F. Wypych, Appl. Clay Sci., 2013 80-81, 236; 
(e) M.A. Tejero, E. Ramírez, C. Fité, J. Tejero and F. Cunill, 
Appl. Catal. A, 2016, 517, 56. 
37 M. G. Goesten, J. Juan-Alcañiz, E. V. Ramos-Fernandez, K.B. 
S. S. Gupta, E. Stavitski, H. van Bekkum, J. Gascon and F. 
Kapteijn, J. Catal., 2011, 281, 177. 
38 K.C. Maheria, J. Kozinski and A. Dalai, Catal. Lett., 2013, 143, 
1220. 
39 A. A. Kiss, A. C. Dimian and G. Rothenberg, Adv. Synth. Catal., 
2006, 348, 75.  
40 (a) M. Polozij, M. Rubes, J. Cejka and P. Nachtigall, 
ChemCatChem, 2014, 6, 2821; (b) R. E. Morris and J. Čejka, 
Nat. Chem. 2015, 7, 381; (c) Z. Fang, B. Bueken, D. E. De Vos 
and R. A. Fischer, Angew. Chem. Int. Ed. 2015, 54, 7234; (d) J. 
Canivet, M. Vandichel and D. Farrusseng, Dalton Trans., 
2016, 45, 4090. 
41 (a) L. Valenzano, B. Civalleri, S. Chavan, S. Bordiga, M. H. 
Nilsen, S. Jakobsen, K. P. Lillerud and C. Lamberti, Chem. 
Mater., 2011, 23, 1700; (b) F. G. Cirujano, F. X. Llabrés i 
Xamena and A. Corma, Catal. Today, 2015, 257, 213; (c) F. G. 
Cirujano, F. X. Llabrés i Xamena and A. Corma, Chem. Eng. 
Sci., 2015, 124, 52. 
42 (a) J. Kim, S.-N. Kim, H.-G. Jang, G. Seo and W.-S. Ahn, Appl. 
Catal. A, 2013, 453, 175; (b) M. N. Timofeeva, V. N. 
Panchenko, J. W. Jun, Z. Hasan, M. M. Matrosova and S. H. 
Jhung, Appl. Catal. A, 2014, 471, 91; (c) V. N. Panchenko, M. 
M. Matrosova, J. Jeon, J. W. Jun, M. N. Timofeeva and S. H. 
Jhung, J. Catal., 2014, 316 251. 
43 (a) P. M. Schoenecker, C. G. Carson, H. Jasuja, C. J. J. 
Flemming and K. S. Walton, Ind. Eng. Chem. Res., 2012, 51, 
6513. 
44 M. J. Katz, S.-Y. Moon, J. E. Mondloch, M. Hassan Beyzavi, C. 
J. Stephenson, J. T. Hupp and O. K. Farha, Chem. Sci., 2015, 6, 
2286.  
45 W. Morris, C. J. Doonan and O. M. Yaghi, Inorg. Chem., 2011, 
50, 6853. 
46 (a) P. Ghosh, Y. J. Colon and R. Q. Snurr, Chem. Commun., 
2014, 50, 11329; (b) A. Herbst, A. Khutia, C. Janiak, Inorg. 
Chem., 2014, 53, 7319; (c) S. Ling and B. Slater, Chem. Sci., 
2016, 7, 4706; (d) D. D. Borges, S. Devautour-Vinot, H. Jobic, 
J. Ollivier, F. Nouar, R. Semino, T. Devic, C. Serre, F. Paesani 
and G. Maurin, Angew. Chem. Int. Ed., 2016, 55, 3919; (e) G. 
C. Shearer, S. Chavan, S. Bordiga, S. Svelle, U. Olsbye and K. 
P. Lillerud, Chem. Mater., 2016, 28, 3749; (f) M. R. 
DeStefano, T. Islamoglu, S. J. Garibay, J. T. Hupp and O. K. 
Farha, Chem. Mater., 2017, 29, 1357; (g) C. A. Trickett, K. J. 
Gagnon, S. Lee, F. Gándara, H. B. Bürgi and O. M. Yaghi, 
Angew. Chem. Int. Ed., 2015, 54, 11162; (h) M. Vandichel, J. 
Hajek, A. Ghysels, A. De Vos, M. Waroquier and V. Van 
Speybroeck, CrystEngComm, 2016, 18, 7056; (i) C. Caratelli, J. 
Hajek, F. G. Cirujano, M. Waroquier, F. X. Llabres i Xamena 
and V. Van Speybroeck, J. Catal., 2017, 352, 401. 
47 (a) S. Ling and B. Slater, Chem. Sci., 2016, 7, 4706; (b) D. D. 
Borges, S. Devautour-Vinot, H. Jobic, J. Ollivier, F. Nouar, R. 
Semino, T. Devic, C. Serre, F. Paesani and G. Maurin, Angew. 
Chem. Int. Ed., 2016, 55, 3919; (c) J. M. Taylor, S. Dekura, R. 
Ikeda and H. Kitagawa, Chem. Mater., 2015, 27, 2286. 
48 J. F. Blandez, A. Santiago-Portillo, S. Navalon, M. Gimenez-
Marques, M. Alvaro, P. Horcajada, H. Garcia, J. Mol. Catal. A, 
2016, 425, 332 
49 (a) I. Luz, M. Soukri and M. Lail, Chem. Mater. 2017, DOI: 
10.1021/acs.chemmater.7b02042; (b) F. G. Cirujano,
 
I. Luz, 
M. Soukri, C. Van Goethem, I. F.J. Vankelecom, M. Lail and D. 
E. De Vos, Angew. Chem. Int. Ed., 2017, 56, 13302. 
 
